Extracellular superoxide dismutase (EC-SOD) is an abundant antioxidant in the lung and vascular walls. Previous studies have shown that EC-SOD attenuates lung injury in a diverse variety of lung injury models. In this study, we examined the role of EC-SOD in mediating lipopolysaccharide (LPS)-induced lung inflammation. We found that LPS-induced neutrophilic lung inflammation was exaggerated in EC-SOD-deficient mice and diminished in mice that overexpressed EC-SOD specifically in the lung. Similar patterns were seen for bronchoalveolar lavage cytokines, such as tumor necrosis factor-␣, keratinocytederived chemokines, and macrophage inflammatory protein-2 as well as expression of lung intercellular adhesion molecule-1, vascular cell adhesion molecule-1, endothelial cell selectin, and platelet selectin. In a macrophage cell line, EC-SOD inhibited LPS-induced macrophage cytokine release, but did not alter expression of intercellular adhesion molecules in endothelial cells. These results suggest that EC-SOD plays an important role in attenuating the inflammatory response in the lung most likely by decreasing release of proinflammatory cytokines from phagocytes.
Superoxide is a by-product of aerobic metabolism that has been co-opted by phagocytic cells to serve in microbial killing. Because excessive production of superoxide also damages host cells, most organisms have evolved efficient enzymes to locally decrease its concentration. These enzymes are referred to as superoxide dismutases (SOD). Although the traditional view has been that reactive oxygen species (ROS), such as superoxide, kill microbes directly, newer evidence suggests that superoxide may also play a signaling role in phagocytes by activating proteases (1) and reacting with nitric oxide to form peroxynitrite (2) . This suggests a potential role for SOD enzymes in modulating these signaling events.
Three SOD isoenzymes have been identified in mammals. The major intracellular SOD is a 32 kD copper and zinc-containing SOD (SOD1) homodimer present throughout the cytoplasm and nucleus (3) . The mitochondrial SOD is a manganesecontaining SOD (SOD2) 93 kD homotetramer that is synthesized in the nucleus and translocated to the inner matrix of mitochondria (4) . The most recently discovered mammalian SOD is primarily extracellular (EC-SOD) (5) , is highly expressed in lungs, and accounts for the majority of SOD activity in vessels and airways (6, 7) .
(Received in original form February 13, 2004 and in revised form June 28, 2004) The original description of SOD emphasized its ability to prevent oxidation and reduction reactions from superoxide (8) . Thus, EC-SOD has been primarily described as an enzyme that protects against oxidative damage to proteins, lipids, and DNA. Evidence supporting EC-SOD's role as an in vivo antioxidant include animals studies in which EC-SOD has been shown to prevent ischemia-reperfusion injury in the ischemic paw (9) , myocardial damage from ischemia-reperfusion (10), brain injury due to ischemia-reperfusion (11, 12) and trauma (13) , and lung injury from hyperoxia (14, 15) , hemorrhage (16, 17) , ozone (18) , influenza (19) , bleomycin (20, 21) , and oil fly ash (22) . As several of these studies noted that the protective effects of EC-SOD were associated with decreased recruitment of neutrophils, we hypothesize that EC-SOD plays an important role in regulating pulmonary inflammation.
The relationship between EC-SOD and inflammation was first reported in tissue culture lines. Proinflammatory cytokines, such as interferon-␥ and interleukin-1, were noted to increase EC-SOD expression in fibroblasts (23) and alveolar type-2 cells (24) . These cytokines have also been associated with increased nuclear factor-B (NF-B) activation, thus it has been proposed that NF-B may regulate EC-SOD transcription (24, 25) . Indeed, agents that block NF-B activation also block EC-SOD expression (24) . Correlations between NF-B activation and increased EC-SOD transcription have also been shown in animal models of lung injury (16, 17) . Although these studies indicate that cytokines play a role in the regulation of EC-SOD, it is unknown whether EC-SOD in turn regulates the inflammatory response to lipopolysaccharide (LPS). Because ROS are increasingly shown to mediate cell-signaling events in inflammation, EC-SOD may play an important role in the inflammatory cascade by reducing the positive feedback associated with ROS.
We hypothesize that one mechanism by which EC-SOD protects the lung is by attenuating the recruitment of neutrophils during inflammation. In the present experiments, we tested this hypothesis by exposing EC-SOD knockout mice and mice that overexpress EC-SOD specifically in the lung to nebulized LPS. To further investigate the mechanisms by which EC-SOD attenuates lung inflammation, we examined EC-SOD's effects on macrophage and endothelial cells exposed to LPS. The present study confirms that EC-SOD plays a role in attenuating LPS-induced lung inflammation and indicates that EC-SOD may inhibit cytokine release from phagocytic cells. MA). Rat monoclonal antibodies to vascular cell adhesion molecule (VCAM)-1 and E-selectin were obtained from R&D Systems (Minneapolis, MN); intercellular adhesion molecule (ICAM)-1 and platelet selectin (P-selectin) were obtained from Research Diagnostics, Inc. (Flanders, NJ). Five-micron membrane filters were from Poretics (Livermore, CA). ␣-rat fluorescein isothiocyanate-conjugated antibody was obtained from Jackson ImmunoResearch Labs (West Grove, PA). All other reagents were supplied by Sigma Chemical Co. unless otherwise noted.
Animals
All experiments were conducted in accordance with institutional review board-approved protocols. The derivation of EC-SOD knockout mice has been previously described (14) . EC-SOD deficiency does not induce other SOD or antioxidant enzymes (14) . Similarly, mice that overexpress human EC-SOD using a surfactant protein C promoter have been previously described and have no known induction of other antioxidant enzymes (15, 20) . EC-SOD-knockout and -overexpressing mice were bred into a C57BL/6 background (Harlan, Indianapolis, IN) for more than 10 generations. Max-Bax testing (Charles River Laboratories, Wilmington, MA) revealed 100% homology to the C57BL/6 strain. All mice were genotyped using previously described protocols (17, 20) .
LPS Exposure
Saline alone (control) or LPS 1 mg/ml in saline was sonicated 3 times for 10 s with a Branson Signifier 400 (Branson Ultrasonic, Danbury, CT) and then nebulized with bio-aerosol mobilizing generator (CH Technologies, Westwood, NJ). Mice were exposed to LPS or control for 15 min and killed at 0, 4, 24, 48, and 72 h. After bronchoalveolar lavage (BAL), the lungs were removed, minced, and flash-frozen in liquid nitrogen or placed in RNAlater. EC-SOD protein was quantitated by western blotting as previously described (20) .
BAL
BAL was performed four times with 0.8 ml of phosphate-buffered saline (PBS) with 10 U heparin as an anticoagulant. The BAL returns were pooled from each sample and centrifuged at 1,000 ϫ g for 10 min. The supernatant was removed and flash-frozen in liquid nitrogen and the cell pellet was resuspended in 1 ml PBS.
Cell Counts and Differential Cell Counts
Total cell counts were determined by hemocytometer. To determine the differential cell count, the cell pellet was resuspended in 1 ml PBS and 2 ϫ 10 5 cells were placed onto slides and stained using a Hema 3 stain kit (Fisher Scientific, Fair Lawn, NJ); a minimum of 200 cells were counted for each sample.
Cytokines Assays
Enzyme-linked immunosorbent assays were used to determine the BAL concentration of TNF-␣, keratinocyte-derived chemokines (KC), and macrophage inflammatory protein (MIP)-2 (ELISA Tech, Aurora, CO).
Expression of Adhesion Molecules
Mouse endothelial cells (bend.3, CRL-2299; American Type Culture Collection, Manassas, VA) were cultured in Dulbecco's modified Eagle medium (DMEM, Gibco; Invitrogen, Carlsbad, CA) with 10% fetal bovine serum using 75 cm 2 flasks. Only passages 25-30 were used. Confluent cultures were stimulated with LPS at 5 g/ml or TNF-␣ at 100 U/ml in the presence of recombinant EC-SOD (0, 100 or 1,000 U/ml) for 18 h. Cells were removed by incubation with Ca 2ϩ , Mg 2ϩ -free Hank's Balanced Salt Solution with 5 mM ethylenediamine-N,N,N',N'-tetra acetic acid (EDTA) for 30 min at 37ЊC followed by vigorous pipetting to produce a homogenous single cell suspension (26) . The suspended culture was then divided into ‫ف‬ 0.5 ϫ 10 6 cell aliquots. Cells were washed twice for 5 min in fluorescence-activated cell sorter buffer (FB), 2% fetal bovine serum/0.2% NaN 3 /PBS. Rat monoclonal antibodies to VCAM-1, E-selectin, ICAM-1, and P-selectin at a concentration of 10 g/ml in FB were incubated with cells for 30 min at 4ЊC. The secondary antibody, goat ␣-rat FITC (Jackson ImmunoResearch Labs, West Grove, PA), was added at 15 g/ml in FB for 30 min at 4ЊC. Flow cytometry for ICAM-1, VCAM-1, E-selectin, and P-selectin was performed with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA), and data were analyzed with CELLQUEST software (BD Biosciences).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted as per RNeasy Midi kit animal tissue protocol (Qiagen, Valencia, CA). cDNA was made using the RETROscript kit (Ambion, Austin, TX). Quantitative rapid thermal cycling in a Cepheid Smart Cycler (Sunnyvale, CA) was used to determine the mRNA levels of VCAM-1, ICAM-1, E-selectin, P-selectin, and cyclophilin A (control). The cyclophilin A was labeled at the 5Ј and 3Ј ends with a carboxy-X-rhodamine reporter and a Black Hole-2 quencher (BHQ-2; Biosearch Technologies, Inc., Novato, CA). The other gene product probes were labeled at the 5Ј and 3Ј ends with a 6-carboxy fluorescein reporter and a Black Hole-1 quencher (BHQ-1; Biosearch Technologies). RNA levels were normalized to cyclophilin A. Primer pair/probe sequences for adhesion molecules VCAM-1, ICAM-1, and cyclophilin A have been previously reported (27, 28) . E-selectin primer sequences were as follows (5Ј-3Ј): forward-AAAGTTTCTCCAGTCTAGCGC; reverse-AAAGCGC GAGGCATT; the E-selectin gene probe was: GGATGAAAGCAACT GCTGGAGT. P-selectin primer sequences were as follows (5Ј-3Ј): forward-GCTGCCCAAAAGGTTCC; reverse-GAGTTGAGCCCCT CCCA; the P-selectin gene probe was: GACGCCAAGACTCCGG AGTGTG. Quantitation of mRNA for mouse EC-SOD was done as previously described (20) .
Polymerase chain reaction (PCR) was performed in sealed optical tubes (Cepheid) using 0.3 M gene-specific primers and either 1 l 25X SYBR Green (Invitrogen) or 0.2 M fluorogenic probes. PCR components consisted of 2 l of sample cDNA and 23 l of reaction mix containing a final concentration of 4 mM MgCl 2 and Ready-To-Go PCR beads (Amersham Biosciences, Piscataway, NJ). Thermal cycling conditions for each gene product are as follows: cyclophilin, VCAM-1, and ICAM-1: 30 cycles of denaturation, 95ЊC, 30 s; annealing/extension: 66ЊC, 60 s. E-and P-selectins used the same thermal cycling conditions as for cyclophilin, VCAM-1, and ICAM-1, but with 60 cycles of amplification. All reaction products were run on 2% SeaKem LE agarose gels (BioWhittaker, Rockland, ME) to verify correct amplicon sizes.
Myeloperoxidase
Myeloperoxidase activity was assayed using a modification of Anderson and colleagues (29, 30) . A lobe of the lung from each animal was homogenized for 30 s in 1.5 ml 20 mM potassium phosphate, pH 7.4, and centrifuged at 4ЊC for 30 min at 40,000 ϫ g. The pellet was resuspended in 1.5 ml of 40 mM potassium phosphate, pH 6.0, containing 0.5% hexacetyltrimethyl ammonium bromide, sonicated for 90 s, incubated at 60ЊC for 2 h, and centrifuged. The supernatant was assayed for peroxidase activity and corrected to lung weight.
Statistical Analysis
A one-way ANOVA was used to determine if the means were significantly different (P Ͻ 0.05). If means were significantly different, a Tukey-Kramer multiple group comparison test was used to compare individual groups. Error bars in figures represent Ϯ 1 SEM. All values were calculated using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego, CA).
Results

EC-SOD Expression after LPS Exposure
Lung EC-SOD is partially proteolytically processed so that it is missing its heparin-binding carboxyterminus (31) (32) (33) . It has been postulated that inflammation from bleomycin may accelerate clearance of EC-SOD via this mechanism (34) . To determine whether LPS also modulates EC-SOD clearance, we examined the expression of EC-SOD protein and mRNA in the lung tissue from wild-type mice 0-3 d after exposure to LPS. There was a 41, 54, and 61% decrease in EC-SOD protein 1, 2, and 3 d, respectively, after LPS (P Ͻ 0.001 for Day 0 compared with Figure 1 . MPO in EC-SOD overexpressor (diamonds), wild-type (squares), and EC-SOD knockout (triangles) mice exposed to nebulized LPS. Means and SEMs of MPO activity per mg of lung protein are shown for time 0 and 4 h, and 1, 2, and 3 d. Four hours after LPS inhalation, lung MPO activity was significantly less in the mice that overexpressed EC-SOD. At 1, 2, and 3 d, there was a persistent elevation in MPO activity in the EC-SOD knockout mice compared with wild-type mice. *P Ͻ 0.05 compared with wild-type; **P Ͻ 0.01 compared with wild-type; ***P Ͻ 0.001 EC-SOD knockout compared with wild-type. Days 1-3); however, this decline was not statistically significant when EC-SOD protein was expressed as total EC-SOD per lung (P ϭ 0.07). In the first 2 d, the ratio of cleaved to intact EC-SOD decreased from 0.88 to 0.66 (P Ͻ 0.05), indicating most of the decline in EC-SOD was associated with a decline in proteolytically processed EC-SOD. There was no difference in EC-SOD mRNA expression as determined by real-time PCR (data not shown).
Effects of EC-SOD on Pulmonary Inflammation after Exposure to LPS
Although expression of EC-SOD is inversely related to lung neutrophil infiltration in several animal models (15) (16) (17) (18) 22) , the effects of nebulized LPS are unknown in mice with EC-SOD deficiency and overexpression. To study this interaction, we exposed wild-type mice, mice that overexpressed EC-SOD specifically in the lung, and EC-SOD knockout mice to inhaled nebulized LPS and quantitated neutrophils by the activity of myeloperoxidase (MPO) ( Figure 1) . As soon as 4 h after exposure to LPS, there was a rapid rise in MPO activity in the lung homogenate, but compared with wild-type mice, the mice that overexpressed EC-SOD in the lung had a 57 Ϯ 10% reduction in MPO activity at 4 h (P Ͻ 0.001). Compared with wild-type mice, mice that were deficient in EC-SOD had a prolonged increase in MPO, even 3 d after exposure to LPS (P Ͻ 0.001 at 1, 2, and 3 d). MPO activity in the lungs of mice that overexpressed EC-SOD did not differ from that of wild-type mice at 1, 2 and 3 d. This suggests that EC-SOD deficiency is associated with increased and prolonged neutrophilic inflammation in the lung.
To further investigate the effects of EC-SOD on LPS-induced lung inflammation, we quantitated airway inflammation using BAL (Figure 2) . In unstimulated mice (Day 0), the majority of cells in the BAL were macrophages (range, 89-99%). In response to LPS, there was a marked increase in both the relative and absolute amount of BAL neutrophils; however, the maximal increase was delayed to 24 h compared with the MPO activity in lung tissue, which peaked at 4 h. Compared with the wildtype mice, there were 29% fewer neutrophils in mice that overexpressed EC-SOD and 107% more neutrophils in the mice that were deficient in EC-SOD (P Ͻ 0.001 compared with wild-type Figure 2 . BAL cells in EC-SOD overexpressor (diamonds), wild-type (squares), and EC-SOD knockout (triangles) mice exposed to nebulized LPS. Mean totals and SEM of (A ) neutrophils, (B ) macrophages, (C ) eosinophils, and (D ) lymphocytes are shown for time 0 and 4 h, and 1, 2, and 3 d. There were significant increases in neutrophil counts at 1 d in the EC-SOD knockout mice and statistically significant decreases in the EC-SOD-overexpressing mice at 4 h and at 2 d. There were no differences in macrophage counts except at 3 d, when there were statistically more macrophages in the BAL of wild-type mice. There were no differences in eosinophil counts except at 2 d, when there were statistically more eosinophils in the EC-SOD overexpressor mice compared with wild-type mice. *P Ͻ 0.05 compared with wild-type; **P Ͻ 0.01 compared with wild-type; ***P Ͻ 0.001 EC-SOD knockout compared with wild-type. mice). There was no significant difference in cell counts for macrophages (except at 3 d in the wild-type mice), eosinophils (except at 48 h in the EC-SOD overexpressor mice), and lymphocytes.
BAL Cytokines
Inhaled LPS was associated with a rapid release of multiple proinflammatory cytokines in BAL fluid (BALF) (Figure 3 ). Four hours after exposure to LPS, the BALF concentration of TNF-␣ increased from 170 Ϯ 70 pg/ml to 17,367 Ϯ 2,028 pg/ml in wild-type mice, and to 28,090 Ϯ 3,134 pg/ml in EC-SOD knockout mice (P Ͻ 0.01). There was no significant difference in TNF-␣ concentration between the wild-type and EC-SODoverexpressing mice. There was a rapid fall in TNF-␣ concentration 1-3 d after LPS exposure, but there were no significant differences among the EC-SOD genotypes. Four hours after LPS exposure, BALF MIP-2 concentrations increased from 71 Ϯ 47 pg/ml to 13,543 Ϯ 3,386 pg/ml in the wild-type mice, and to 27,651 Ϯ 5,818 pg/ml in the EC-SOD knockout mice (P Ͻ 0.05). At 4 h, there was no significant difference in MIP-2 concentrations between the wild-type and EC-SOD-overexpressing mice. At 24 h after LPS exposure, there was a rapid fall in MIP-2 concentration, but there were no significant differences among the EC-SOD genotypes. Although BALF KC cytokine increased from 275 Ϯ 163 pg/ml to 8,180 Ϯ 4,051 pg/ml in the wild-type mice, it rapidly decreased to baseline by Day 1 and there were no significant differences among the EC-SOD genotypes, except that the concentration was slightly higher 2 d after exposure in the EC-SODoverexpressing mice compared with the wild-type mice (882 Ϯ 390 pg/ml versus 217 Ϯ 78 pg/ml; P Ͻ 0.01).
The Effect of EC-SOD on Expression of Adhesion Molecules
Superoxide has been shown to induce expression of cell adhesion molecules, such as the selectins (35) (36) (37) . To test whether EC-SOD might modulate expression of adhesion molecules, we ex- amined the ratio of mRNA expression of VCAM-1, ICAM-1, E-selectin, and P-selectin compared to mRNA expression of cyclophilin. The expression of these adhesion molecules markedly increased 4 h after LPS exposure, but returned to nearnormal levels after 24 h (Figure 4) . Compared with wild-type mice, the lungs of EC-SOD knockout mice had significantly more expression of ICAM-1 (7.2 Ϯ 0.5 versus 9.8 Ϯ 0.6; P Ͻ 0.01). Compared with wild-type mice, ICAM-1 and VCAM-1 expression from EC-SOD knockout mice remained persistently above control even at 2 (P Ͻ 0.001 and P Ͻ 0.001) and 3 d (P Ͻ 0.001 and P Ͻ 0.05). Compared with wild-type mice, the lungs of EC-SOD-overexpressing mice had significantly less expres- sion of ICAM-1 (7.2 Ϯ 0.5 versus 4.9 Ϯ 1.0; P Ͻ 0.05) and VCAM-1 (9.3 Ϯ 0.6 versus 5.9 Ϯ 1.0; P Ͻ 0.01). After 4 h, P-selectin expression was significantly higher in the EC-SOD knockout mice compared with the EC-SOD-overexpressing mice (103 Ϯ 17 versus 42 Ϯ 14; P Ͻ 0.01). E-selectin was not statistically different among genotypes.
Because endothelial cells have previously been shown to express adhesion molecules that are crucial to neutrophil recruitment in the lung, we examined whether EC-SOD could attenuate cytokine-mediated cell surface expression of these molecules in a mouse endothelial cell line. Although both LPS and TNF-␣ were able to induce a significant increase in the cell surface expression of ICAM-1 and VCAM-1 and a mild increase in the cell surface expression of E-and P-selectin, there was no reduction in cell surface expression of these adhesion molecules in the presence of EC-SOD at either 100 (data not shown) or 1,000 U/ml (Figures 5A and 5B) .
LPS-Induced Release of Cytokines by Macrophages in the Presence of EC-SOD
Because macrophages release chemokines that attract neutrophils, we examined whether EC-SOD could attenuate cytokine release in a macrophage cell line. Preliminary experiments showed that these cells secreted a maximal amount of TNF-␣ and MIP-2 after stimulation with LPS 5-50 ng/ml for 18 h (data Figure 5 . EC-SOD has minimal effect on the cell surface expression of endothelial cells that have been exposed to LPS and TNF-␣. Mouse endothelial cells were incubated for 18 h at 37ЊC (A ) in control media (purple lines), LPS 5 g/ml (red lines), or LPS 5 g/ml ϩ EC-SOD 1,000 U/ml (yellow lines), or (B ) in control media (purple lines), TNF-␣ 100 U/ml (red lines), or TNF-␣ 100 U/ml ϩ EC-SOD 1,000 U/ml (yellow lines). Cells were detached and incubated with one of four primary antibodies specific for VCAM-1, ICAM-1, E-selectin, or P-selectin, and then with a fluorescent secondary antibody. A histogram of intensity of cell surface expression (log-scale) is shown for representative experiments. not shown), but there was no detectable secretion of KC. TNF-␣ secretion ( Figure 6A ) increased from 328 Ϯ 73 ng/ml at baseline to 3,250 Ϯ 394 ng/ml in the presence of LPS (P Ͻ 0.001); there was no significant difference in TNF-␣ secretion in the presence of EC-SOD 10 U/ml; however, TNF-␣ secretion was only 2,112 Ϯ 208 ng/ml in the presence of EC-SOD 100 U/ml and 1,335 Ϯ 48 ng/ml presence of EC-SOD 1,000 U/ml. Similarly, MIP-2 secretion ( Figure 6B ) increased from 797 Ϯ 84 ng/ml at baseline to 5,940 Ϯ 143 ng/ml in the presence of LPS (P Ͻ 0.001); there was no statistically significant difference in MIP-2 secretion in the presence of EC-SOD 10 U/ml; however, MIP-2 secretion was only 2,973 Ϯ 269 ng/ml in the presence of EC-SOD 100 U/ml (P Ͻ 0.01 compared with LPS alone) and 2,035 Ϯ 252 ng/ml presence of EC-SOD 1,000 U/ml (P ϭ nonsignificant compared with LPS alone). Neither bovine SOD1 nor horseradish SOD had a statistically significant effect on TNF-␣ or MIP-2 cytokine release at 100 or 1,000 U/ml (data not shown). Addition of catalase at 100 and 1,000 U/ml did not significantly change cytokine release in the presence of EC-SOD (data not shown).
Discussion
The prevailing dogma regarding the role of SOD enzymes is that they protect cells because they reduce damage resulting from excessive superoxide production. While this has been clearly demonstrated for all three SOD enzymes in mammals, the data from this study as well as that from studies of other lung injury models strongly suggest that EC-SOD also decreases lung injury by modulating inflammation (14) (15) (16) (17) (18) (19) 22) . The results from this investigation indicate that one mechanism by which Figure 6 . LPS-induced macrophage cytokine release is attenuated in the presence of EC-SOD. Mouse macrophage cells (RAW 264.7) were incubated for 18 h at 37ЊC in the presence of LPS 5 g/ml and/or EC-SOD (0-1,000 U/ml). Concentrations of (A ) TNF-␣ or (B ) MIP-2 were assayed in the media using enzyme-linked immunosorbent assays. Results are expressed as the mean Ϯ SE of four experiments. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 compared with LPS without EC-SOD. Open bars, LPS 5 g/ml; closed bars, control cells.
EC-SOD may modulate inflammation is by attenuating macrophage cytokine release and may explain why EC-SOD reduces neutrophil inflammation as early as 4 h after administration of LPS.
The observation that EC-SOD affects in vivo neutrophil responses as early as 4 h after LPS exposure suggests that EC-SOD may modulate the alveolar macrophage response. These effects may occur via several mechanisms, including release of proinflammatory cytokines that recruit neutrophils to the lung and engulfment of apoptotic neutrophils to promote resolution of neutrophilic inflammation (38) . We found both in vivo and in vitro evidence that EC-SOD attenuates release of proinflammatory cytokines. These findings are consistent with the concept that ROS and antioxidants play a role in macrophage release of cytokines. For instance, catalase inhibits the activation of the transcription factor complex activator protein-1 (39) and the zymosan-induced activation of extracellular signal-regulated protein kinase pathways (40) . Hyperoxia, a potent source of ROS, is associated with macrophage release of TNF-␣, IL-1␤, and IL-6 after just a few hours of exposure (41), ozone causes increases in MIP-2 (42), and hydrogen peroxide mediates monocyte production of IL-8 (43) . Antioxidants, such as N-acetylcysteine, have been shown to decrease TNF-␣ (44), IL-2 (45), and MIP-2 (46) release in macrophages stimulated by LPS. The signaling pathways by which this occurs are not completely known, but may include extracellular signal-related kinase and p38 (45) or NF-B, activator protein-1, and cyclic adenosine monophosphate response element binding protein (47) .
Several observations suggest that isoenzymes of SOD may affect macrophages differently. For instance, we observed decreased BAL cytokine production in mice that overexpressed EC-SOD and decreased cytokine release by macrophages that were incubated in the presence of EC-SOD; yet it has recently been shown that overexpression of SOD1 results in increased TNF-␣ release by LPS-stimulated peritoneal macrophages (48) . In contrast to these findings, other investigators have shown that a superoxide generator, such as xanthine oxidase, is capable of increasing TNF-␣ in rat alveolar macrophages (49) . Furthermore, SOD1 and SOD2 have been shown to be therapeutically useful in protecting the lung from hyperoxia-induced inflammation in animal models (50, 51) , and SOD1 has been used to reduce bronchopulmonary dysplasia in preterm infants (52, 53) . Thus, the majority of evidence suggests that the family of SOD enzymes reduces inflammation in vivo. One difference between EC-SOD and other SOD enzymes is that EC-SOD is primarily an extracellular enzyme. Additionally, SOD1 has undesirable properties, such as a short half-life and a net negative charge that inhibits it from binding to cellular surfaces or moving through the interstitial space. To overcome these limitations, researchers have had to deliver SOD1 in special carrier substances (50, 54, 55) or genetically engineer SOD2 to have the heparin-binding carboxyterminus found in EC-SOD (56) . EC-SOD is a naturally occurring enzyme that does not require these modifications.
The role of TNF-␣ and other macrophage cytokines may be important in neutrophil apoptosis and clearance and may partially explain why EC-SOD knockout mice had persistent neutrophilic inflammation. Although TNF-␣ enhances neutrophil apoptosis at 6 h (57, 58), it impairs LPS-mediated apoptosis at 20 h (57). The relationship between ROS, cytokine release, and neutrophil apoptosis and clearance is unclear because other investigators have found that ROS, in particular hydrogen peroxide, causes increased neutrophil apoptosis (59, 60) . Because hydrogen peroxide is a by-product of the EC-SOD reaction, it is possible that deficiency in EC-SOD results in less hydrogen peroxide-mediated neutrophil apoptosis. Supporting this theory is a report in which overexpression of EC-SOD, using adenoviral vectors, reduced paracetamol-induced hepatocyte apoptosis in mice (61) . Another mechanism by which EC-SOD results in prolonged neutrophil inflammation could be the persistent release of neutrophil chemoattractants. The identity of such a persistent signal remains unknown, because in this model we observed rapid resolution in the proinflammatory cytokines TNF-␣, MIP-S, and KC. Furthermore, mice that overexpress EC-SOD in the lung had similar MPO activity at Days 2 and 3 compared with wild-type mice, suggesting that the amount of EC-SOD in wild-type mouse lungs may be sufficient to promote the clearance of neutrophils and that boosting this amount through overexpression has no additive effect.
An additional step that is required for neutrophils to migrate into lung tissue is an interaction with adhesion molecules on endothelium, and there is increasing evidence that ROS mediate this process. For instance, ROS increase endothelial expression of ICAM-1 (62) and mediate increases in angiotensin II-induced expression of VCAM-1 (63) . Superoxide has been specifically implicated in the regulation of selectin expression in endothelial cells. Superoxide derived from both xanthine oxidase and nicotinamide adenine dinucleotide phosphate oxidase increases P-selectin expression in vascular beds that undergo ischemiareperfusion (35) , and inhibition of xanthine oxidase decreases P-selectin expression in a pancreatitis model of acute lung injury (64) . SOD inhibits increased endothelial E-selectin expression after ischemia-reperfusion (36) . The mechanism by which ROS induce expression of these molecules is unknown; however, it may involve nitric oxide because peroxynitrite increases E-selectin expression on endothelial cells (65) .
We found that EC-SOD decreased LPS-mediated expression of intercellular adhesion molecules in vivo, but not in vitro. There are at least two possible explanations that may account for this discrepancy. First, we added LPS directly to endothelial cells but did not provide an external source of ROS. Because exogenous sources of superoxide have been shown to increase endothelial expression of adhesion molecules (35, 62, 65) , this suggests that LPS does not cause endothelial cells to make significant amounts of extracellular superoxide, but that other cell types, such as phagocytes, are the source of ROS in vivo. Second, we used whole lung preparations of RNA to examine changes in mRNA expression for selected adhesion molecules, but examined cell surface expression of these molecules in cell culture. The distinction between mRNA and protein is important because some adhesion molecules, such as P-selectin, are stored in intracellular pools and are not expressed on the cell surface after LPS stimulation (66) . No synthesis of new protein is required for this expression, thus adhesion molecule mRNA may not correlate with cell surface expression. Subsequent studies that elucidate the role of EC-SOD in the neutrophil-endothelial cell interaction will be required to fully answer these questions.
There may be additional mechanisms by which EC-SOD modulates lung inflammation, and future studies will elucidate these roles. For instance, EC-SOD has recently been shown to modulate blood pressure (67) and glomerular filtration (68) through its interactions with nitric oxide. EC-SOD directly binds to collagen (7, 21) and can prevent ROS-induced collagen fragmentation in vivo and in vitro (21, 69) . Protection of collagen fragmentation may reduce inflammation because collagen fragments are chemoattractants and activators of neutrophils (70) . There is also accumulating evidence that ROS by themselves may function as signaling molecules (see review in Ref. 71) . The discovery of a family of superoxide-generating membrane oxidases and dual oxidases that generate superoxide in a regulated manner implies an important role for ROS in signal transduction (72) . Oxidation of cysteine to sulfenic acid may be the mechanism by which ROS regulate protein kinase activity and cell signaling (73) ; for instance, superoxide produced by nicotinamide adenine dinucleotide phosphate-oxidases results in the oxidation of a thiol residue in a low-molecular-weight protein tyrosine phosphatase, resulting in its inactivation (74) . Modulation of phosphatases by ROS has recently been implicated in other pathways, such as signal transducers and activations of transcription (75) and apoptosis signal-regulating kinase 1 (76) . Other potential signaling targets for ROS include lipids. Lipid peroxidation by ROS can generate 4-hydroxynonenal, which is implicated as a mediator of intracellular signaling in apoptosis and cell proliferation (77) .
In summary, we have used EC-SOD knockout and overexpressing mice to show that EC-SOD modulates neutrophil inflammation after inhalation of nebulized LPS. EC-SOD reduced the expression of adhesion molecules in vivo, but did not significantly affect endothelial expression of adhesion molecules in vitro. One mechanism by which EC-SOD might modulate neutrophil inflammation is by reducing cytokine release from macrophages. This suggests that EC-SOD should be considered as an antiinflammatory enzyme as well as a bulk antioxidant.
Conflict of Interest Statement: R.P.B. has no declared conflicts of interest; M.N. has no declared conflicts of interest; K.T. has no declared conflicts of interest; G.T. has no declared conflicts of interest; L.-Y.C. has no declared conflicts of interest; G.S.W. has no declared conflicts of interest.
